Metallothionein (MT) has several putative roles in metal detoxification, in Zn and Cu homeostasis, in scavenging free radicals, and in the acute phase response. Mice of mixed 129͞Ola and C57BL͞6J background with targeted disruption of MT-I and MT-II genes are more sensitive to toxic metals and oxidative stress. We noted that these animals were larger than most strains of mice, and we systematically studied aspects of their physiology and biochemistry relating to energy metabolism. During the first 2 weeks after weaning, the growth rates of MT-null and C57BL͞6J mice were similar, but the transgenic mice became significantly heavier at age 5-6 weeks. At age 14 weeks, the body weight and food intake of MT-null mice was 16 and 30% higher, respectively, compared with C57BL͞6J mice. Most 22-to 39-week-old male MT-null mice were obese, as shown by increased fat accretion, elevated obese (ob) gene expression, and high plasma leptin levels, similar to those recorded in Zucker fatty ( fa͞fa) rats. Seven-week-old MT-null mice also had significantly higher levels of plasma leptin and elevated expression of ob, lipoprotein lipase, and CCAAT enhancer binding protein ␣ genes as compared with age-matched C57BL͞6J mice. These observations indicate that abnormal accretion of body fat and adipocyte maturation is initiated at 5-7 weeks of age, possibly coincident with sexual maturation. Targeted disruption of MT-I and MT-II genes seems to induce moderate obesity, providing a new obese animal model. A link between MT and the regulation of energy balance is implied.
The generation of transgenic mice with targeted gene disruption is very valuable in the study of the physiological function of specific proteins. Nevertheless, a surprising number of such animals show no apparent phenotypic abnormalities and procreate normally. For example, glutathione peroxidase is an important antioxidant, yet cellular glutathione peroxidase-null mice are not apparently disadvantaged in terms of their capacity to resist hyperoxia (1) . Metallothioneins comprise a family of highly conserved low M r metal-binding proteins that are reported to function in the detoxification of heavy metals, in Zn and Cu homeostasis, in the scavenging of free radicals, and in the acute phase response (2) (3) (4) . However, mice with disrupted MT-I and -II genes are apparently phenotypically normal with no adverse effect on their ability to reproduce and rear offspring (5, 6) . Nevertheless, they are more sensitive to metal and oxidant toxicity (5) (6) (7) (8) (9) , and cells from such animals are less viable than equivalent cells from animals expressing MT-I and -II, when cultured in the presence of various toxic agents. (10, 11) .
However, we have noted that mature animals from our colony of MT-null mice with a mixed 129͞Ola-C57BL͞6J background (5) generally attain higher body mass with larger reserves of fat than C57BL͞6J mice. Abnormal energy balance was indicated, and a key link in the feedback control of appetite and energy expenditure is the protein leptin, a product of obese (ob) gene expression in white adipose tissue (12) (13) (14) . Secreted into the plasma, leptin exerts its biological activity by binding to receptors, particularly in the hypothalamus. Defects in leptin expression or activity can result in obesity, for example in mice with a double recessive mutation of the ob gene (ob͞ob mice), which do not produce functional leptin (15) , or in Zucker fatty ( fa͞fa) rats, which have a defective leptin receptor protein (14) . In both cases, ob gene expression is elevated, and the animals are hyperphagic, but only Zucker ( fa͞fa) rats have high levels of circulating leptin (14) . Injection of ob͞ob mice with recombinant murine leptin reduces food intake, increases energy expenditure, and decreases body weight (16) (17) (18) .
To evaluate the prevalence of obesity in our MT-null mice, we have systematically studied their growth, food intake, lipid accumulation, the expression of ob gene in white adipose tissue, plasma leptin levels, and other indicators of energy metabolism.
spilled food falling through the grid was weighed and used to correct the calculation of food consumed from the difference in hopper food weight.
Physiological and Biochemical Studies. In the first study, a group of 6-week-old C57BL͞6J male mice were acclimated for 7 days to the same environmental conditions as a group of MT-null mice of the same age. All mice (10 in each group) were individually housed during the acclimation period and were given the same pelleted diet and water ad libitum.
In a second study, 18 MT-null mice aged 22-39 weeks were divided into three groups of six animals according to weight. In previous studies with MT-null mice (31) , animals have been weight-matched with control mice, so for the purposes of comparison, one group (mean age 30 weeks, mean weight 32.0 Ϯ SD 1.5 g) was weight-matched with the C57BL͞6J control mice (31.6 Ϯ SD 0.9 g) of similar age, which had been housed at the Rowett Institute for 22 weeks. Thus, the MT-null mice in this group were age-matched and weight-matched with the control group. However, as the mean weight for the MT-null mice was about 8 g higher than that of similarly aged control mice, a second group (32 weeks, 39.2 Ϯ SD 2.5 g) of average weight for the MT-null mouse colony, aged 22-39 weeks, was formed. This group was therefore age-matched but not weight-matched with the C57BL͞6J control mice. The fatty appearance of tissues in the larger MT-null mice of this age range had drawn our attention to the possibility of an obese phenotype in the colony, so we formed a third group of apparently obese animals (32 weeks, 50.4 Ϯ SD 4.3 g). Lean, average weight, and obese MT-null mouse groups are hereafter referred to as groups Ln, Ave, and Obs.
Tissue and Blood Sample Collection. Where possible, individual animals were removed from each group sequentially to eliminate any time-related influence on measured biochemical parameters. Blood was removed from the dorsal vena cava of mice under terminal anesthesia using heparinized syringes and transferred to microcentrifuge tubes on ice. The tubes were then centrifuged at 3500 ϫ g for 10 min to obtain plasma, which was frozen and preserved at Ϫ80°C. Epididymal white adipose tissue (eWAT) and liver were removed, weighed, immediately frozen in liquid nitrogen, and then stored at Ϫ80°C until required.
Liver Glycogen, Lipid, Zn, Cu, and DNA. Glycogen was extracted and analyzed by the method of Siu Lo et al. (19) using 50-mg liver samples, and total hepatic lipid was extracted and weighed according to the method of Folch et al. (20) . A micro acid digestion technique in combination with atomic absorption spectrophotometry was used for Zn and Cu analysis (21) . DNA was extracted from 50 mg of liver by homogenization in 1 ml of 2% perchloric acid followed by centrifugation at 15,000 ϫ g for 15 min (4°C). The pellet was washed with 2% perchloric acid and then resuspended and incubated in 1 ml of 0.3 M sodium hydroxide for 1 h at 37°C. After addition of 400 l of 2 M perchloric acid, the samples were recentrifuged, the pellet was resuspended in 1 ml of 0.5 M perchloric acid, and this solution was first incubated for 1 h at 4°C and then heat extracted at 70°C for a further 1 h. After recentrifugation, 200 l of the supernatant was removed for assay of DNA by using the method of Burton (22) .
White Adipose Tissue ob, Lipoprotein Lipase (LPL), and CCAAT Enhancer Binding Protein ␣ (C͞EBP ␣) Gene Expression. The procedure for RNA extraction and Northern blotting was as previously described (23) . Measurement of mRNA was made by hybridization with specific digoxigenin 5Јend-labeled oligodeoxynucleotide probes and chemiluminescence detection. The probes used for ob and LPL mRNA have been described (23, 24) as has that for 18 S rRNA (23) , which was used to correct for variations in the loading of RNA onto agarose gels and transfer to nylon membranes. A 20-mer oligodeoxynucleotide (5Ј-GGGCCGCGGCTCCACCTCGT-3Ј) for mouse C͞EBP ␣ mRNA detection was selected from the coding region of the published DNA sequence (25) (GenBank database accession no. M62362).
Immunoassay of MT-1, Insulin, and Leptin. Hepatic MT-1 was assayed in triplicate by RIA using a rodent-specific sheep antiserum and rat MT-1 standards (26) . Plasma leptin was measured by an ELISA (27) using a rabbit anti-mouse leptin antiserum with standards of mouse recombinant leptin (PeproTech, London, U.K.) and duplicate plasma samples of 100 l. Insulin was measured in duplicate plasma samples of 50 l by using an anti-porcine insulin antiserum and porcine insulin standards (28) .
Statistical Analysis. Unpaired Student's t-tests were used for statistical comparison of the C57BL͞6J and MT-null mouse groups from study 1, whereas data from study 2 were first analyzed by a one-way analysis of variance with subsequent group comparisons by using 1-or 2-tailed t-tests, as appropriate, and a pooled estimate of error. The graphics program ORIGIN (Microcal Software Inc., Northampton, MA) was used for linear regression and associated statistics.
RESULTS
Growth and Food Intake. The growth rates of MT-null and C57BL͞6J mice were similar from weaning until 5 weeks of age. However, MT-null mice became significantly and increasingly heavier during the following 3 weeks (Fig. 1 ). Between 8 and 14 weeks the growth rates of both groups were similar, and the MT-null mice remained heavier than the controls. Food intake by the MT-null mice from weeks 14-17 (6.1 Ϯ SD 1.0 g͞mouse͞day) was significantly greater (P Ͻ 0.001) than that in the control group (4.5 Ϯ SD 0.3 g͞mouse͞day).
Body Tissue Characteristics. At termination of study 1, mean weights for C57BL͞6J and MT-null mice were 22.7 Ϯ SD 1.6 g and 25.6 Ϯ SD 1.9 g, respectively, a difference that was statistically significant (P ϭ 0.002). The eWAT weight of 7-week-old MT-null mice was significantly greater than that of control mice ( Fig. 2A) . In study 2 with mice aged 22-39 weeks, eWAT weight (Fig. 2B ) and eWAT͞body weight ratio (Table  1) in groups Ave and Obs were significantly greater than those in the control group. Liver weight in the group Obs was significantly higher than that in the control group, due in part to increased dry matter content (Table 1) . However, liver weight, as a proportion of body weight, was consistently lower in all MT-null groups ( Liver MT-1, Zn, and Cu. As expected, hepatic MT-1 levels in all MT-null mice from study 2 were very low compared with the control levels ( Table 1 ). Liver Zn levels were similar in all groups, but liver Cu levels were significantly lower in all MT-null groups compared with the C57BL͞6J control group (Table 1) .
Plasma Insulin, Liver Glycogen, and Liver Lipid Content. Mice in group Obs had significantly higher plasma insulin levels than control mice, but levels in groups Ave and Ln were not different (Table 1) . However, when combining data from all three MT-null groups, insulin levels were significantly correlated with eWAT weight (r ϭ 0.75, P Ͻ 0.001) and plasma leptin concentration (r ϭ 0.66, P ϭ 0.003). Glycogen concentration in the liver (Table 1) showed no difference between groups. Hepatic lipid concentration was significantly higher in group Obs and when combining all MT-null data, total hepatic lipid was significantly correlated with eWAT weight (r ϭ 0.72, P Ͻ 0.001).
eWAT ob mRNA and Plasma Leptin. Compared with the controls, eWAT ob mRNA in 7-week-old MT-null mice (study 1) was significantly elevated (Fig. 3A) , and this was associated with higher levels of circulating leptin (Fig. 2 A) . In the older animals of study 2, eWAT ob gene expression was significantly higher in groups Ave and Obs (Fig. 4) , and plasma leptin levels were up to 25 times greater than those in control mice (Fig.  2B) . The plasma leptin level of mice in group Ln was similar to that in the control group.
LPL mRNA and C͞EBP ␣ mRNA. In addition to ob gene expression and plasma leptin levels, there are several other genes that are characteristically overexpressed in obesity, for example LPL in adipose tissue. LPL is required for the lipolysis of circulating triacylglycerol, an initial process in the release of fatty acids to facilitate their incorporation into tissues for utilization as an energy source or for storage following reesterification. Mutant obese rodents, such as Zucker ( fa͞fa) rats, have high adipose tissue levels of LPL mRNA (29) . The transcription factor, C͞EBP ␣, promotes the terminal differentiation of adipocytes from pre-adipocytes (30) and is a useful indicator of adipocyte maturation. Both LPL and C͞EBP ␣ genes were also more highly expressed in eWAT from MT-null mice than from control animals ( Fig. 3 B and C) .
DISCUSSION
Hepatic MT-1 levels in all MT-null mice were much lower than those in the C57BL͞6J control animals, thus confirming their MT-deficient status. In contrast to previous reports that MT-null transgenic mice are phenotypically normal (5, 6) , the majority of adult male mice in our MT-null colony show moderate obesity. This was indicated by higher body and eWAT weights, with a higher eWAT͞body weight ratio in both 
FIG. 2.
Epididymal white adipose tissue (eWAT) weight and plasma leptin levels in MT-null and C57BL͞6J mice aged 7 weeks (A, study 1) and 22-39 weeks (B, study 2). MT-null mice in study 2 were divided into three weight groups: group Ln (body weight, 32.0 Ϯ SD 1.5 g), which were weight-matched with the C57BL͞6J group (31.6 Ϯ SD 0.9 g), group Ave (39.2 Ϯ SD 2.5 g), which were of average weight for the male MT-null mouse colony Ͼ22 weeks of age, and group Obs, which were apparently obese (50.4 Ϯ SD 4.3 g). Error bars indicate the mean Ϯ SD for six mice, and asterisks indicate statistically significant differences ‫,ء(‬ P Ͻ 0.05; ‫,ءءء‬ P Ͻ 0.001) between MT-null groups and the C57BL͞6J group. young and older adult males. In addition, both eWAT ob gene expression and plasma leptin levels were significantly higher than in control mice, as has been found in other mutant animal models of obesity. Indeed, it is remarkable that MT-null mice in group Ave had plasma leptin levels similar to those previously recorded in 12-week-old Zucker fatty rats (27) . The highest level detected in C57BL͞6J mice from studies 1 and 2 was almost 5 ng͞ml, but we calculated that this level was exceeded in over 94% of all MT-null male mice in the colony aged 22-39 weeks.
As expected from the fatty appearance of their livers, hepatic lipid concentration in group Obs was significantly higher than that of the other groups. Indeed, lipid accounted for 43% of the difference in liver dry weight between the control group and group Obs. Plasma triacylglycerol levels of MT-null and C57BL͞6J mice were, however, not significantly different (data not shown). It is surprising that these increases in body weight and WAT content of MT-null mice have not been reported previously. However, Philcox et al. (31) did note that the proportion of eWAT to body weight tended to be higher in MT-null mice than in C57BL6 control animals of matched body weight (24 g ) and that this difference became statistically significant after fasting. In a recent abstract (32), weanling MT-null mice fed diets containing 12.5 or 25 mg Zn͞kg had a significantly higher body weight than 129͞Sv control mice.
Growth rates of our C57BL͞6J and MT-null mice were similar until around 5 weeks of age, when there was a marked retardation of weight gain in the control animals but not in the MT-null mice. Hence, the trend toward obesity seems to begin at around sexual maturity, which is 5-6 weeks of age in the C57BL͞6J mice. The growth rate of adult MT-null male mice exceeds that of most in-bred or out-bred mice from commercial suppliers, and it seems that their extended growth period is more a consequence of fat deposition than of increased lean body mass. Nevertheless, preliminary data from our laboratory suggest that MT-null mice also have a higher lean body mass than age-matched C57BL͞6J mice.
It is significant that gene expression of C͞EBP ␣, a transcription factor that promotes adipocyte terminal differentiation (30) and up-regulates ob gene expression (33, 34) , was increased in MT-null mice of age 7 weeks (Fig. 3) but not in the older mice (data not shown). Therefore, accretion of body fat at least partly accounts for the divergence of C57BL͞6J and MT-null mouse weights and may be triggered by hormonal or biochemical changes associated with sexual maturation. The timing of puberty was not studied in the two mouse strains, but there is good evidence that maturation is related to body fat reserves (35) , and leptin has been suggested as the primary or permissive signal initiating puberty (36, 37) through stimulation of gonadotropin release from the pituitary (38) . Hence, leptin administered to female mice hastens the onset of reproductive function (37) , and when administered to ob͞ob mice, which are sterile, fertility is restored (39) .
In rodent models of obesity, such as the ob͞ob and diabetic (db͞db) mutant mice, accretion of fat is caused by a combination of hyperphagia and reduced energy expenditure. Our MT-null mice, with established obesity, are hyperphagic, and their food intake is about 30% greater than that of their C57BL͞6J counterparts. Thus, enhanced food intake seems to be important in maintaining the obese state of the animals and is possibly, at least in part, the cause of its development. Preliminary data from mature male mice suggest that food intake in the MT-null mice is not closely correlated with body weight.
Insulin administration to mice promotes ob gene expression (27) and may thereby help to regulate appetite. Conversely, injection of ob͞ob mice with leptin markedly reduces the characteristically high circulating insulin levels (16) , and the effectiveness of insulin on, for example, glucose transport in cultured adipocytes seems to be reduced in the presence of elevated leptin (40) . In this study, plasma insulin levels in groups Ln and Ave from study 2 were not significantly different from control levels. This finding is similar to previous reports (41, 42). However, it was clear that group Obs had FIG. 4 . Levels of ob mRNA in eWAT of MT-null mice (study 2), weight categorized as described in the legend to Fig. 2 , and also C57BL͞6J control mice. Error bars indicate the mean Ϯ SD for six mice, and asterisks indicate statistically significant differences ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01) between MT-null groups and the C57BL͞6J group. Values are the mean Ϯ SD for six mice and statistical comparisons were made using t tests based on a pooled estimate of error. * Significantly different from the C57BL͞6J control group (P Ͻ 0.05). † Significantly different from all other MT-null groups (P Ͻ 0.05).
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Proc. Natl. Acad. Sci. USA 95 (1998) significantly higher levels of circulating insulin. Indeed, when combining the data for all MT-null mice, we found a highly significant positive correlation of eWAT weight (r ϭ 0.751, P Ͻ 0.001) and plasma leptin (r ϭ 0.659, P ϭ 0.003) with plasma insulin. Concomitantly high levels of leptin and insulin in combination with elevated food intake could indicate insensitivity to both hormones and possibly stimulation of their expression by a common promoter such as corticosterone. In addition to other factors, glucocorticoids are known to stimulate adipose tissue LPL gene transcription, and eWAT LPL mRNA levels were significantly higher in 7-week-old MT-null mice than in the corresponding C57BL͞6J control animals. As reported previously (41, 42) , plasma glucose levels of MT-null and C57BL͞6J mice were similar; furthermore, there was no relationship between plasma glucose levels and either plasma insulin or leptin levels (data not shown). Rofe et al. (41) have observed that liver glycogen concentrations, as related to liver wet weight, are lower in MT-null mice than in C57BL6 mice. Our data indicated consistently decreased liver glycogen levels in all three MT-null mouse groups compared with the control group, but these differences were not statistically significant. The lack of MT in the liver did not markedly affect hepatic Zn levels, as has been shown previously (43) , although hepatic Cu levels were reduced. Since Cu is not normally the dominant metal bound to MT, it seems unlikely that this reduction was due to lack of MT-related Cu binding capacity. Indeed, total liver Cu and Zn contents were the same in groups Ln and Ave and the control group but significantly higher in group Obs (data not shown).
From a mechanistic perspective, the key question is how the lack of MT-I and͞or MT-II leads to obesity. There is good, if not always definitive, evidence supporting roles for MT in metal detoxification, in Zn and Cu homeostasis, in scavenging of free radicals, and in protecting against various stress factors. MT-null mice do seem to be more affected by certain toxic agents and stress factors (5, 6, 8, 9, (44) (45) (46) , and this is particularly evident when cells are studied in primary culture (10, 11, 43) . Systematic study of MT-null mice by others has failed to demonstrate any major and consistent disturbance in normal physiological processes.
The central finding of this study was the increase in plasma leptin levels in most MT-null mice, and it is possible that MT isoforms could directly or indirectly influence ob gene expression. Leptin signaling is mediated by the long form of a cytokine-like receptor, which is found particularly in the hypothalamus but also elsewhere, such as in hepatic parenchymal cells (47) , testes, adrenal gland, and renal medulla (48, 49) . If MT were to play a role in the chain of signaling events initiated by the binding of leptin to its receptor, the absence of MT might be expected to stimulate overcompensation of ob gene expression. Alternatively, MT could play a role in the feedback suppression of ob gene expression. That this occurs by endogenous expression of MT in eWAT seems very unlikely, however, as MT is not expressed in this tissue in response to known inducers of MT gene expression, such as Zn injection or cold exposure (21) . However, the considerable cold-induced expression of MT-I in brown adipose tissue (21) , which undergoes marked metabolic transformation during thermogenesis, could indicate a role of MT in the utilization of energy reserves. Although the expression of MT and of leptin is influenced in opposite ways by certain stress factors, such as cold exposure and starvation, coexpression can also occur, such as following infection or administration of glucocorticoids and their analogues. The body weight divergence between MT-null and C57BL͞6J mice at sexual maturity indicates that steroid hormone metabolism at this stage in development could be affected by the lack of MT.
It is possible that the development of obesity and the associated biochemical changes in the MT-null mice are caused by factors other than lack of MT. For example, disruption of MT genes by homologous recombination with DNA containing various modifications may have affected other genes around this locus or had downstream effects on gene expression. Such consequences of targeted gene disruption have been noted previously (50) .
In conclusion, we have demonstrated that the MT-null mice from our established colony become moderately obese at or before 7 weeks of age, as manifested by increases in body weight, white adipose tissue weight, expression of ob, LPL, and C͞EBP ␣ genes, and plasma concentrations of leptin. Older mice aged 22-39 weeks were even more obese with similar characteristics to other mutant animal models of obesity, such as the diabetic (db͞db) mouse and the Zucker ( fa͞fa) rat. These results could imply a novel role for MT in the regulation of energy balance, but development of obesity as an indirect consequence of the targeted gene disruption used to produce the MT-null mice cannot yet be excluded.
